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1. INTRODUCTION:  Narrative that briefly (one paragraph) describes the subject, purpose

and scope of the research.
Tuberous sclerosis complex (TSC) is an autosomal genetic disorder which affects about 1
in 6,000 newborns.  The disease is caused by inactivating mutations in either of two
related tumor suppressor genes, TSC1 (encoding hamartin) or TSC2 (encoding tuberin).
The TSC proteins regulate the mTOR pathway and are critical in cell growth and
proliferation. TSC gene carriers are born with one defective copy and if they lose the
normal copy is somatic tissues, pathologic lesions develop which can affect multiple
organs in the body. Focal pathologic lesions in the brain, including cortical tubers and
subependymal nodules, are seen in the majority (>90%) of TSC patients, and disrupt
neuronal architecture causing epilepsy and obstruction of ventricles, respectively (Short et
al., 1995). In a magnetic resonance imaging (MRI) study about one third of subependymal
nodules were observed to grow over a 4-year period postnatally (Katz et al., 2012) with
the potential to block cerebrospinal fluid (CSF) flow leading to fatal hydrocephalus. Early
surgical removal of subependymal nodules has been recommended, but has
neurosurgical risks (Berhouma, 2010).

A number of models of TSC brain lesions have been described in conditional knock-out 
Tsc1 mice, which include cortical defects, tuber-like structures and subependymal 
nodules (e.g. Feliciano et al., 2011). Mice typically die early of unknown causes, one of 
which appears to be hydrocephalus due to restriction of CSF flow. Recent advances in 
gene therapy have provided a safe means of gene replacement therapy in human clinical 
trials for neurologic diseases using adeno-associated virus (AAV) vectors (including 
serotypes 1 & 2, AAV1 and AAV2) which can be injected directly into the brain 
parenchyma or ventricles or, in the case of serotype 9 (and other serotypes such as rh8; 
Yang et al., 2014) into the circulation with transduction of brain threatening subependymal 
nodules may be induced to regress by injection of an enzyme replacement vector, such 
as AAV encoding hamartin in the case of Tsc1, instead of undertaking more invasive 
neurosurgery. 
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Our studies were designed to evaluate whether we could extend the life-span of mice 
lacking hamartin in neural cells in the brain, specifically in the ependymal lining of the 
ventricles which give rise to subependymal nodules, through vector-mediated gene 
replacement.  

 
Further, we evaluated whether this gene therapy is effective when the vector is delivered 
directly into the circulation in postnatal animals, with the latter being less invasive and 
having the potential to also alleviate peripheral tissue abnormalities in TSC mouse models 
and patients. We evaluated this therapeutic strategy with respect to neuropathological 
features in the brains, especially with respect to hydrocephalus and integrity of the 
ventricular lining. 

 

4. KEY RESEARCH ACCOMPLISHMENTS:  Bulleted list of key research 

accomplishments emanating from this research.  Project milestones, such as simply 

completing proposed experiments, are not acceptable as key research accomplishments.  

Key research accomplishments are those that have contributed to the major goals and 

objectives and that have potential impact on the research field.   

 
As part of this funding we were able to complete our development and characterization of 
a new TSC1 mouse model, published as “Survival benefit and phenotypic improvement 
by TSC1 gene therapy in a tuberous sclerosis mouse brain model”, Prabhakar et al. 
(2015). In this model, we examined the potential benefit of gene therapy in a mouse 
model of tuberous sclerosis complex (TSC) in which there is embryonic loss of Tsc1 
(hamartin) in all brain neurons. An adeno-associated virus (AAV) vector (serotype rh8) 
expressing a tagged form of hamartin was injected into the cerebral ventricles of newborn 
pups with the genotype Tsc1cc (homozygous for a conditional floxed Tsc1 allele) SynI-
cre+, in which Tsc1 is lost selectively in neurons starting at embryonic day 12. Vector-
treated Tsc1ccSynIcre+ mice showed a marked improvement in survival from a mean of 
22 days in non-injected mice to 52 days in AAV hamartin vector-injected mice, with 
improved weight gain and motor behavior in the latter. Pathologic studies showed 
normalization of neuron size and a decrease in markers of mTOR activation in the brain in 
treated as compared to untreated mutant littermates. Hence, we show that gene 
replacement in the brain is an effective therapeutic approach in this mouse model of 
TSC1. Our strategy for gene therapy has the advantages that therapy can be achieved 
from a single application, as compared to repeated treatment with drugs, and that AAV 
vectors have been found to have minimal to no toxicity in clinical trials for other neurologic 
conditions. Although there are many additional issues to be addressed, our studies 
support gene therapy as a useful approach in TSC patients. 
 
Our goal in continuing studies has been to use a mouse model in which loss of hamartin 
is random in a subset of neurons and other cells throughout the brain starting at P0 
(Prabhakar et al., 2013). In this stochastic model, which is more similar to what occurs in 
patients, we observed subependymal nodules leading to hydrocephalus and death (mean 
survival of about 60 days). This model requires a two step procedure. First, an 
intraventricular injection of AAV1-CBA-Cre into the brains of newborn Tsc1c/c pups, with 
time allowed for formation of subependymal nodules (21 days), but prior to morbidity. 
Second, at this time point young mice are injected with an AAV-hamartin vector for gene 
replacement into the vasculature in an attempt to block further growth and formation of 
subependymal nodules and hence extend the lifespan of the mice. 
 



In the initial phases of this funded period we were compromised as the animals were not 
breeding prolifically and we had to expand the size of the colony by waiting for the 
younger mice to reach breeding age. We were told by veterinary experts in our facility that 
intracerebral ventricular injections (Aim 1) and intravascular tail vein injections (Aim 2) in 
day 21 old mice would not be feasible as the ketamine (anesthesia used) for the 
intracerebral ventricular injections can be fatal to such very young animals, and that the 
tail vein is not accessible for intravascular injection at such an early age due to its small 
size. Based on this advice we changed our method of delivery of the AAV-hamartin vector 
to only the retro-orbital vasculature behind the eye which is very safe for mice at any age. 
Thus, we started our experiments with Aim 2 using the retro-orbital injections into day 21 
mice. For these vascular injections we used the AAV-rh8 serotype vector, instead of 
AAV9 serotype, as the former has also proven very efficient in intravascular delivery of 
AAV to the brain in mice (Yang et al., 2014). 

 
 
 
Aim 1. Evaluate whether intracerebral ventricular injection of AAV1-CBA-hamartin 
can extend lifespan and reverse neuropathologic abnormalities in a mouse model 
of brain lesions in Tsc1. 
  
Based on the advice of our veterinarian we have not tried this approach as the young 
animals do not fare well under the anesthesia used in this procedure. Moreover, we 
believe that intravascular injection of the vector, as proposed in Aim 2 is more compatible 
with eventual clinical trials in humans. Given the success of our studies in Aim 2 we are 
considering a more global model of Tsc1 in mice to see if intravascular gene replacement 
can also provide therapeutic benefit to other affected organs throughout the body. 
 
Aim 2. Evaluate whether intravascular injection of AAV9-CBA-harmatin can extend 
lifespan and reverse neuropathologic abnormalities in a mouse model of brain 
lesions in Tsc1. 
             
We have injected several litters of P0 Tsc1c/c pups of mice at P0 with AAV1-CBA-Cre 

vector [1010 (genome copy) g.c. in 2 l] into each of two ventricles of the brain as 
proposed in our application (Fig. 1). We waited for 21 days, then 50% of the pups were 
injected with AAVrh8-hamartin and 50% received AAV-rh8-GFP (control vector) by retro-

orbital injections in a total volume of 70 l in one eye (10 l of 1010 g.c. + 60 l saline; N = 
8 pups per group) (Fig. 2). We followed the health and survival of these animals at daily 
intervals. We noted that the AAV-GFP injected animals had several phenotypic 
abnormalities, including severe hydrocephalus, lethargy, emaciation, hunched posture, 
etc. as compared to the AAV-hamartin injected animals which appear normal without any 
of the phenotypic abnormalities mentioned above during the whole survival time. 
 

         TSC1c/c pups were injected into both cerebral ventricles with the AAV1-CBA-Cre vector at         
P0 (day of birth). This procedure has previously been shown to produce subependymal nodules 
and death by hydrocephalus by around P60 (Prabhakar et al., 2013). At P21 days, 12 mice 
were injected with AAV-rh8-hamartin,12 mice  with AAV-rh8-GFP (control) into the retro-orbital 
vein in the eye (left eye), with  5 mice only injected at P0 with the AAV1-CBA-Cre vector and no 
retro-orbital injections at P21. Survival curve based on the Log-rank (Mantel-Cox) Test with a 
statistical significance between hamartin-injected and other groups of p<0.0001.  

 



Fig. 1 Intracerebral ventricular injection of AAV1-Cre vector into P0 pups. 



Fig. 2. Retro orbital injection of AAVrh8-TSC1 (hamartin) vector into 3 week old 
mice.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 



 
 
Fig. 3 Gene replacement is able to increase survival of TSC1c/c mice injected 
with AAV-CBA-Cre vectors.  

 
 
 

 

5. CONCLUSION:  Summarize the importance and/or implications with respect to 

medical and /or military significance of the completed research including distinctive 

contributions, innovations, or changes in practice or behavior that has come about as a 

result of the project.  A brief description of future plans to accomplish the goals and 

objectives shall also be included.   
 
A parallel set of animals has been sacrificed at periodic intervals, as proposed for 
histology and immunohistochemistry to evaluate brain neuropathology, specifically 
evaluating the presence of subependymal nodules. Bouin’s fixative has been used to fix 
the whole animal for Hematoxylin and Eosin (H&E) histology of 2-3 brains from each 
experimental subgroup with analyses carried out in the HMS Rodent Pathology Core by 
Dr. Rod Bronson. These analyses include a full body evaluation of tissue abnormalities, 
as well as assessment of enlarged ventricles.  For immunohistochemistry, the brains were 
fixed fresh in the 2-methyl butane/dry ice bath, sectioned (serial coronal 10 µm) and 
adjacent sections stained using antibodies for c-Myc, NeuN, GFAP and pS6, or stained 
for lacZ using X-gal. Neuropathological evaluations are being carried out in consultation 
with Drs. Rod Bronson, Anat Stemmer-Rachamimov and David Kwiatkowski. We will also 
do immunohistochemical (pS6 staining) and H&E assessment of peripheral tissues, 
including liver, skeletal muscle, lung and kidney for hamartin-myc expression and any 
signs of tissue abnormalities (ongoing studies). 
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